Abstract-Utilization of electromagnetic band-gap (EBG) structures is becoming attractive in the electromagnetic and antenna community. In this paper, a mushroom-like EBG structure is analyzed using the finite-difference time-domain (FDTD) method. Its band-gap feature of surface-wave suppression is demonstrated by exhibiting the near field distributions of the electromagnetic waves. The mutual coupling of microstrip antennas is parametrically investigated, including both the E and H coupling directions, different substrate thickness, and various dielectric constants. It is observed that the E-plane coupled microstrip antenna array on a thick and high permittivity substrate has a strong mutual coupling due to the pronounced surface waves. Therefore, an EBG structure is inserted between array elements to reduce the mutual coupling. This idea has been verified by both the FDTD simulations and experimental results. As a result, a significant 8 dB mutual coupling reduction is noticed from the measurements.
I. INTRODUCTION

I
N RECENT years, there has been growing interest in utilizing electromagnetic band-gap (EBG) structures in the electromagnetic and antenna community. The EBG terminology has been suggested in [1] based on the photonic band-gap (PBG) phenomena in optics [2] that are realized by periodical structures. There are diverse forms of EBG structures [1] , [3] , and novel designs such as EBG structures integrated with active device [4] and multilayer EBG structures [5] have been proposed recently. This paper focuses on a mushroom-like EBG structure, as shown in Fig. 1 . Compared to other EBG structures such as dielectric rods and holes, this structure has a winning feature of compactness [6] , [7] , which is important in communication antenna applications. Its band-gap features are revealed in two ways: the suppression of surface-wave propagation, and the in-phase reflection coefficient. The feature of surface-wave suppression helps to improve antenna's performance such as increasing the antenna gain and reducing back radiation [8] - [11] . Meanwhile, the in-phase reflection feature leads to low profile antenna designs [12] - [14] . This paper concentrates on the surface-wave suppression effect of the EBG structure and its application to reduce the mu- tual coupling of microstrip antennas, as shown in Fig. 1 . To explore the surface-wave suppression effect, the propagating fields of an infinitesimal dipole source with and without the EBG structure are simulated and compared using the finite-difference time-domain (FDTD) method [15] , and a frequency stopband for the field propagation is identified. Furthermore, the propagating near fields at frequencies inside and outside the band gap are graphically presented for a clear understanding of the physics of the EBG structure. It is worthwhile to point out that this band-gap study is closely associated with specific antenna applications such as microstrip antennas and arrays. Applications of microstrip antennas on high dielectric constant substrates are of special interest due to their compact size and conformability with the monolithic microwave integrated circuit (MMIC). However, the utilization of a high dielectric constant substrate has some drawbacks. Among these are a narrower bandwidth and pronounced surface waves. The bandwidth can be recovered using a thick substrate, yet this excites severe surface waves. The generation of surface waves decreases the antenna efficiency and degrades the antenna pattern. Furthermore, it increases the mutual coupling of the antenna array which causes the blind angle of a scanning array. Several methods have been proposed to reduce the effects of surface waves. One approach suggested is the synthesized substrate that lowers the effective dielectric constant of the substrate either under or around the patch [16] - [18] . Another approach is to use a reduced surface wave patch antenna [19] . The EBG structures are also used to improve the antenna performance. However, most researchers only study the EBG effects on a single microstrip antenna element, and to the best of our knowledge there are no comprehensive results reported for antenna arrays.
The FDTD method is developed to analyze the mutual coupling of probe-fed microstrip patch antenna arrays. The simulated results agree well with the experimental results in [20] . Then, the mutual coupling of microstrip antennas is parametrically investigated, including both the E-and H-coupling directions, different substrate thickness, and various dielectric constants. In both coupling directions, increasing the substrate thickness will increase the mutual coupling. However, the effect of the dielectric constant on mutual coupling is different at various coupling directions. It is found that for the E-plane coupled cases the mutual coupling is stronger on a high permittivity substrate than that on a low permittivity substrate. In contrast, for the H-plane coupled cases the mutual coupling is weaker on a high permittivity substrate than that on a low permittivity substrate. This difference is due to surface waves propagating along the E-plane direction, which can be easily viewed from the provided near field plots.
To reduce the strong mutual coupling of the E-plane coupled microstrip antennas on a thick and high permittivity substrate, the mushroom-like EBG structure is inserted between antenna elements. When the EBG parameters are properly designed, the pronounced surface waves are suppressed, resulting in a low mutual coupling. This method is compared with previous methods such as cavity back patch antennas. The EBG structure exhibits a better capability in lowering the mutual coupling than those approaches. Finally, several antennas with and without the EBG structure are fabricated on Rogers RT/Duroid 6010 substrates ( ). The measured results demonstrate the utility of the EBG structure, and this approach is potentially useful for a variety of array applications.
II. BAND GAP CHARACTERIZATION OF THE EBG STRUCTURE
The mushroom-like EBG structure was first proposed in [3] . It consists of four parts: a ground plane, a dielectric substrate, metallic patches, and connecting vias. This EBG structure exhibits a distinct stopband for surface-wave propagation.
The operation mechanism of this EBG structure can be explained by an LC filter array: the inductor results from the current flowing through the vias, and the capacitor due to the gap effect between the adjacent patches. For an EBG structure with patch width , gap width , substrate thickness and dielectric constant , the values of the inductor and the capacitor are determined by the following formula [21] :
where is the permeability of free space and is the permittivity of free space.
Reference [21] also predicts the frequency band gap as
where is the free space impedance which is . These formulations are very simple; however, their results are not very accurate. For example, this model does not consider the via's radius information. An accurate but complex model using the theory of transmission lines and periodic circuits can be found in [22] . Some other methods such as reflection phase characterization have also been utilized to identify the band-gap features [23] .
In this paper, to accurately identify the band-gap region and understand its properties comprehensively, the FDTD method is used to analyze the band-gap features. The computational code developed in UCLA is based on a Cartesian grid cell with the perfectly matched layer (PML) boundary condition. A uniform 0.02 ( is the free space wavelength at 6 GHz) discretization is used. An infinitesimal dipole source with a Gaussian pulse waveform is utilized to activate the structure in order to obtain a wide range of frequency responses. Fig. 2(a) shows an FDTD simulation model: the infinitesimal dipole source surrounded by the mushroom-like EBG structure. The dipole is chosen to be vertically polarized because the E field in microstrip antenna applications is vertical to the ground plane. As an example, two rows of EBG patches are plotted in Fig. 2(a) . In FDTD simulations four rows, six rows, and eight rows of EBG patches are all simulated and compared.
The EBG structure analyzed in this section has the following parameters:
The vias' radius is 0.005
. The ground plane size is kept to be . A reference plane is positioned at distance away from the edge, where it is located outside the EBG structure, and the height of the reference plane is . For the sake of comparison, a conventional case is also analyzed. This conventional (CONV.) case consists of a perfect electric conductor (PEC) ground plane and a dielectric substrate with the same thickness and permittivity as the EBG case.
The basic idea is to calculate and compare the E field at the reference plane. Since the EBG structure can suppress the surface waves in a certain band gap, the E field outside the EBG structure should be weaker than that of the conventional case. To quantify the surface-wave suppression effect, an average is calculated according to the following equation: where is the vertical reference plane whose boundary is plotted by the dashed line in Fig. 2(a) . Fig. 2 (b) plots the of various EBG cases and they are normalized to the of the conventional case. A parametric study analyzing the number of EBG rows is carried out varying the number of rows from two to eight. It is observed that when less rows of EBG patches are used, the band-gap effect is not significant. When the number of rows is increased, a clear band gap can be noticed. Inside this band gap, the average E field in the EBG case is much lower than that in the conventional case. To determine the band-gap region, a criteria is used that the average E field magnitude with the EBG is less than half of that without the EBG (the CONV. case). This is equivalent to the -6 dB ( ) level in Fig. 2 (b), thus a band gap from 5.8-7.0 GHz can be identified with a minimum of four rows of EBG patches.
The LC model [ (1)- (4)] is also used to analyze this mushroom-like EBG structure, and a band gap of 6.37-8.78 GHz is obtained. It has some overlap with the band gap calculated by the FDTD method, which means this model can be used to get an initial engineering estimation. However, the LC model result is relatively higher than the FDTD results because it uses a simplified lumped element model. This is also the reason to develop the FDTD model here.
To visualize the band-gap feature of surface-wave suppression, the near field distributions of the eight row EBG case and the conventional case are calculated and graphically presented. structure is around 10 dB. In contrast, the field level of the CONV. case is around 20 dB. The difference of field levels is due to the existence of the EBG structure, which suppresses the propagation of surface waves so that the field level in the EBG case is much lower than in the conventional case. However, the EBG structure cannot successfully suppress surface waves outside its frequency band gap. For example, Fig. 4 plots the near field of both cases at 5 GHz, which is outside the band gap. The field distribution of the CONV. case is similar to its distribution at 6 GHz. However, the field value outside the EBG structure is increased to around 20 dB, which is similar to that of the CONV. case. This means that although there are some interactions between the dipole source and the EBG structure, the field can still propagate through the EBG structure. These results correlate well with the results in Fig. 2(b) . From this comparison it can be concluded that as expected, the surface-wave suppression effect exists only inside the band gap of the EBG structure.
III. MUTUAL COUPLING COMPARISON OF VARIOUS MICROSTRIP ANTENNA ARRAYS
A. FDTD Method for Mutual Coupling Simulation
The FDTD method is used to analyze the mutual coupling of microstrip antennas. The mutual coupling of antennas fed by microstrip lines has been solved using the FDTD method in [24] , and the probe fed antenna case is discussed herein. (7) where , , , and are the normalized voltage waves. The incident wave and reflected waves are mixed together during the FDTD simulation, and the voltages and currents are recorded at the ports [15] . The relation between the waves and the recorded data is (8) (9) (10) (11) where and are characteristic impedances of the feeding probes.
A Gaussian pulse type of voltage source is used to excite the structure. For simplicity, only port one is activated during the simulation and port two is matched to 50 . Therefore, the incident wave at port two is zero, . Thus, (7) becomes
Substituting (12) and (13) into (8)- (11) and dividing (8) and (10) by (9), one arrives at Once the voltages and currents are obtained, the return loss ( ) and mutual coupling ( ) can be derived from (14) and (15) . The validity of these formulations has been demonstrated by the E-plane and H-plane coupled microstrip antennas illustrated in Fig. 6 . A comparison of FDTD simulation results and experimental results [20] is shown in Fig. 7 . The antenna has a patch size of 5 cm (radiation edge) 6 cm, and is mounted on a 0.305 cm substrate with a dielectric constant of 2.5. The mutual coupling is calculated and measured at 1.56 GHz, and good agreements are observed. This method can also be used to analyze the mutual coupling of microstrip antennas with arbitrary orientation [25] .
B. Mutual Coupling Comparison
The developed FDTD method is next used to analyze the mutual coupling features of microstrip antennas at different thicknesses and permittivities [26] , [27] . Both the E-plane and H-plane couplings are investigated, and four patch antennas are compared as follows: 1) patch antennas on a thin and low dielectric constant substrate:
, mm, and the patch size is 16 mm 9 mm;
2) patch antennas on a thick and low dielectric constant substrate:
, mm, and the patch size is 15.5 mm 12 mm;
3) patch antennas on a thin and high dielectric constant substrate:
, mm, and the patch size is 7.5 mm 5 mm; 4) patch antennas on a thick and high dielectric constant substrate:
, mm, and the patch size is 7 mm 4 mm.
The results of the E-plane coupled microstrip antennas are depicted in Fig. 8 . Fig. 8(a) plots the return loss results of the four antenna cases. All the antennas are designed to resonate around 5.8 GHz. This frequency range is chosen for the ease of measurements to be presented in the next section. The impedance bandwidths (according to dB criterion) are 1.38% for the first case, 2.40% for the second case, 0.61% for the third case, and 1.71% for the last case. It can be observed that the bandwidth increases with increasing thickness and decreases while the permittivity increases. It's worthwhile to point out that the bandwidth of case 4 is even larger than that of case 1, which means the bandwidth of microstrip antennas on a high permittivity substrate can be recovered by increasing the substrate thickness. Similar observations were also made in [18] , which emphasized on a single element's performance, especially on the improvement of radiation patterns. Fig. 8 (a) also presents the mutual coupling of the E-plane coupled microstrip antennas with a 0.50 antenna distance. is the free space wavelength at the resonant frequency 5.8 GHz. The first case has the lowest mutual coupling level, while the last case shows the strongest. This is because the microstrip antenna on a high permittivity and thick substrate activate the most severe surface waves. Fig. 8(b) plots the mutual coupling varying with the patch distance at the resonant frequency. The mutual coupling of all cases decreases as the antenna distance increases. It is observed that both increasing the substrate thickness and permittivity will increase the mutual coupling level. In Fig. 9 , the H-plane coupled microstrip antennas results are depicted. Fig. 9(a) plots the return loss and mutual coupling versus frequency with a 0.50 antenna distance, and Fig. 9(b) plots the mutual coupling varying with antenna distance at the resonant frequency 5.8 GHz. In contrast to the E-plane coupled results, the strongest mutual coupling occurs at the second case, which has a low dielectric constant and a thick substrate thickness, and the weakest mutual coupling happens at the third case, which has a high dielectric constant and a thin substrate thickness. It is observed that increasing the substrate thickness still increases the mutual coupling, while increasing the permittivity decreases it. To identify the difference between the E-plane and H-plane coupled microstrip antenna arrays, the near fields of different coupling situations are calculated and graphically presented. Fig. 10 plots the near fields of the E-plane coupled microstrip antennas on a 2 mm thick substrate with (a) and (b) . The left antennas (M1 in Fig. 6 ) are activated and the mutual coupling is measured at the feeding port of the right antennas (M2 in Fig. 6 ). The field is normalized to 1 W delivered power, and plotted in dB scale. The surface waves propagate along the direction and a strong mutual coupling can be observed for the antennas on the high permittivity substrate. Fig. 11 shows the near fields of the H-plane coupled microstrip antennas. As shown in Fig. 11(a) , the antennas on a low permittivity substrate have a larger patch size and their fringing fields couple to each other, resulting in a strong mutual coupling. However, for the antennas on a high permittivity substrate, there is less coupling between their fringing fields due to its small patch size shown in Fig. 11(b) . The surface waves which contribute to the strong mutual coupling of the E-plane coupled case have less effect now because they do not propagate along the direction. It can be concluded from the above discussion that the mutual coupling behaviors of microstrip antennas are determined by both the directional surface waves and antenna size.
IV. MUTUAL COUPLING REDUCTION USING THE EBG STRUCTURE
A. FDTD Simulation Results
From the above comparison, it is found that the E-plane coupled microstrip antennas on a thick and high permittivity substrate exhibit very strong mutual coupling due to the pronounced surface waves. Since the EBG structure has already demonstrated its ability to suppress surface waves, four columns of EBG patches are inserted between the antennas to reduce the mutual coupling, as shown in Fig. 12 . Fig. 13 shows FDTD simulated results of the E-plane coupled microstrip antennas on a dielectric substrate with mm and . The antenna's size is 7mm 4 mm, and the distance between the antennas is 38.8 mm (
). The mushroom-like EBG structure is inserted between the antennas to reduce the mutual coupling. Three different EBG cases are analyzed and their mushroom-like patch sizes are 2, 3, and 4 mm, respectively. The gap between mushroom-like patches is constant at 0.5 mm for all three cases. Fig. 13(a) shows the return loss of three EBG cases, as well as the antennas without the EBG structure. It is observed that all the antennas resonate around 5.8 GHz. Although the existence of the EBG structure has some effects on the input matches of the antennas, all the antennas still have better than 10 dB matches.
The mutual coupling results are shown in Fig. 13(b) . Without the EBG structure, the antennas show a strong mutual coupling of 16.15 dB. If the EBG structures are employed, the mutual coupling level changes. When the 2 mm EBG case is used, its band gap is higher than the resonant frequency 5.8 GHz. Therefore, the mutual coupling is not reduced and a strong coupling of 15.85 dB is still noticed. For the 3 mm EBG case, the resonant frequency 5.8 GHz falls inside the EBG band gap so that the surface waves aresuppressed.Asaresult,themutualcouplingisgreatlyreduced: only 25.03dBattheresonantfrequency.Itisworthwhile topoint out that the bandwidth of the EBG structure is much wider than the antenna bandwidth so that it can cover the operational band of the antenna. When the size of the mushroom-like patch is increased to 4 mm, its band gap decreases, and is now lower than the resonant frequency. Therefore, the mutual coupling is not improved and is still as strong as 16.27 dB. 
B. Comparison of the EBG Structure With Other Approaches
It is instructive to compare the EBG structure with other structures also used to reduce the mutual coupling. Fig. 14(a) plots four E-plane coupled antenna structures to be compared: 1) normal microstrip antennas, 2) the substrate between antennas are removed, 3) cavity back microstrip antennas, and 4) microstrip antennas with the EBG structure in between. During the comparison, the antenna size, substrate properties, and antenna distance in all the structures are kept the same as in the EBG case. In structure 2), a 13.5 mm width substrate is removed between the patch antennas. This width is chosen to be the same as the total width of four rows of the EBG patches. When the cavity structure is used, the distance between the adjacent PEC wall is also selected to be 13.5 mm. Fig. 14(b) displays the mutual coupling results of four different structures. The normal microstrip antennas show the highest mutual coupling. The substrate removal case and the cavity back case have some effects on reducing the mutual coupling. A 1.5 dB mutual coupling reduction is noticed for the former case and a 2 dB reduction is observed for the latter case. The lowest mutual coupling is obtained in the EBG case as an 8.8 dB reduction is achieved. This comparison demonstrates the unique capability of the EBG structure to reduce the mutual coupling.
C. Experimental Demonstration
To verify the conclusions drawn from the FDTD simulation, two pairs of microstrip antennas are fabricated on Roger RT/Duroid 6010 substrates. The permittivity of the substrate is 10.2, and the substrate thickness is 1.92 mm (75 mil). Fig. 15 shows a photograph of the fabricated antennas with and without the EBG structure. The antenna's size is 6.8 mm 5 mm, and the distance between the antennas' edges is 38.8 mm (0.75
). The antennas are fabricated on a ground plane of 100 mm 50 mm. For the EBG structures, the mushroom-like patch size is 3 mm and the gap between the patches is 0.5 mm. Four columns of mushroom-like patches are inserted between the antennas to reduce the mutual coupling.
The measured results are shown in Fig. 16 . It is observed that both antennas resonate at 5.86 GHz with return loss better than 10 dB. For the antennas without the EBG structure, the mutual coupling at 5.86 GHz is 16.8 dB. In comparison, the mutual coupling of the antennas with the EBG structure is only 24.6 dB. An approximately 8 dB reduction of mutual coupling is achieved at the resonant frequency of 5.86 GHz. This result agrees well with the simulated result shown in Fig. 13(b) . From this experimental demonstration, it can be concluded that the EBG structure can be utilized to reduce the antenna mutual coupling between array elements.
V. CONCLUSION
In this paper, a mushroom-like EBG structure is implemented in the design of microstrip antenna arrays to reduce the strong mutual coupling caused by the thick and high permittivity substrate without sacrificing the compact size or bandwidth of the antenna elements. The EBG structure is analyzed using the FDTD method. The near field distribution of the EBG structure clearly demonstrates its band-gap feature of suppressing surface waves. Also compared is the mutual coupling of microstrip antennas on various thickness and permittivities substrates. The strongest mutual coupling happens in the E-plane coupled antennas on a thick and high permittivity substrate due to the pronounced surface waves. The EBG structure is then inserted between the antenna elements to reduce the mutual coupling. Compared to other approaches such as cavity back structure, the EBG structure demonstrates a better performance to improve the mutual coupling. Several microstrip antennas are fabricated to validate this observation, and an 8 dB mutual coupling reduction is observed at the resonant frequency. This mutual coupling reduction technique can be used in various antenna array applications. 
